Abstract. Gallium nitride based high electron mobility transistors (HEMT) are powerful candidates for high frequency and high power applications. While switching applications demand normally-off operation, these devices are normally-on. Recent normally-off HEMTs were demonstrated by implanting fluorine above the channel, in the barrier layer. During implantation, fluorine ions penetrate into the channel and cause mobility degradation. In this paper, we propose and simulate an alternative approach in which fluorine ions are implanted below the channel of the HEMT rather than above it. The simulation tool ATLAS is calibrated using experimental data from a real HEMT device. Simulation results have shown that implanting fluorine ions below the channel is capable of achieving normally-off operation. When compared to the implantation in the barrier layer, the proposed approach offers better confinement for the two dimensional electron gas (2DEG) below the gate, eliminates the scattering of fluorine ions with channel electrons and is more efficient when it comes to the fluorine concentration required to achieve a desired threshold voltage. This technique neither affects the breakdown voltage nor the off-state current.
Introduction
AlGaN/GaN HEMTs are very promising candidates for high frequency applications with high power and low noise, such as microwave and millimeter wave communications, imaging and radars [1] . With the high field strength offered by GaN and the high mobility of the two dimensional electron gas (2DEG) in the HEMT, this device can reach high breakdown voltage with low ON-state resistance and high switching frequency, surpassing the limitation of conventional silicon devices. In the conventional HEMT, the triangular well, formed at AlGaN/GaN interface, is below the Fermi level at equilibrium. This makes the channel populated with electrons at zero gate voltage, hence making the HEMT normally-on. However, for power switching applications, normally-off operation is strongly required [2] . In order to achieve normally-off operation, the triangular well must be lifted above the Fermi level. Several structures have been proposed for the realization of normally-off AlGaN/GaN HEMTs, such as the recessed gate structures [3] , fluorine ion treatment [4] , PN junction a e-mail: shamady@laas.fr Contribution to the topical issue "Electrical Engineering Symposium (SGE 2014) -Elected submissions", edited by Adel Razek gate structure [5] , thin AlGaN barrier [6] , AlN/GaN structures [7] and HEMT with InGaN cap layer [8] .
In the normally-off HEMT reported in reference [4] , fluorine ions are implanted above the channel, in the barrier layer (AlGaN layer). According to this approach, during implantation, small amount of fluorine ions penetrate into the channel formed at the AlGaN/GaN interface, presenting themselves as impurities that could lead to mobility degradation [9] . In this paper, we propose the implantation of fluorine ions below the channel (in the GaN layer) under the AlGaN/GaN interface, only below the gate electrode. To obtain this structure, the following process can be used: after growing the buffer and GaN layers, fluorine ions are implanted. Then the channel layer of GaN (5-50 nm) is grown and above all comes the AlGaN layer (barrier layer). With fluorine being implanted before the growth of the channel layer, and with the thickness of the channel layer being greater than the thickness of the 2DEG (∼5 nm), fluorine ions will be buried away from the channel electrons and hence, no scattering will occur.
Simulation strategy
ATLAS, a physically based TCAD simulation tool from Silvaco, is used to simulate the electrical characteristics 30102-p1 of the proposed HEMT structure. Physical models of the simulator are based on Shockley-Read Hall recombination, Fermi-Dirac statistics and field-dependent mobility [10] . The simulator is calibrated by using physical and geometrical parameters of a real normally-on HEMT device. The cross-section of this device is shown in Figure 1 . The structure of the epi-wafer comprises a 30 nm unintentionally doped (UID) AlGaN barrier layer followed by 1.1 μm UID-GaN layer, grown on a Si(1 1 1) substrate. The Al content in the barrier layer is 25%. The distances between the source and the gate, the gate and the drain, and the gate width are 2 μm, 2 μm and 5 μm respectively. The simulated transfer characteristics I d (V gs ), compared with the experimental ones, are presented in Figure 2 . A good match is observed for the threshold voltage (V th ) and the transconductance (g m ).
During calibration, the energy and the concentration of the acceptor traps as well as the density of the 2DEG were tuned. Some of the parameters used for the simulation are illustrated in Table 1 .
In Section 3, fluorine ions are added below or above the channel of the calibrated structure (Fig. 1) . To simulate the effect of the implanted fluorine ions, negative charge is added inside the GaN (or AlGaN) layer. To perform that in ATLAS, the GaN (or AlGaN) layer is split into two layers with the same material. This approach generates an interface (GaN/GaN or AlGaN/AlGaN homo-interface) inside the layer. At this interface, fixed negative charge is added as shown in Figure 3 . It should be mentioned that the charge is added only below the gate electrode and not all over the homo-interface. The position of the charge can be varied, by changing the thickness of the split layer. The profile of the concentration of fluorine ions, resulting from this approach, differs from the experimental profile. However, the effect on the local potential can be imitated by varying the concentration of the negative charge at the interface. The variation in the local potential causes the shift in threshold voltage. Therefore, this model can predict the shift in the threshold resulting from fluorine implantation. The use of a fluorine equivalent interface charge was used by [11] to derive a comprehensive analytical model for the threshold voltage of fluorinated MOS-HEMTs.
To confirm the validity of our simulation strategy, the structures proposed in reference [4] (conventional normally-on HEMT and normally-off HEMT with fluorine in the AlGaN layer) were studied using the simulator with the previously tuned parameters. In Figure 4 , the experimental results and the simulated ones are compared and show a clear match.
As mentioned before, the main objective of this work is to propose a new normally-off HEMT structure. At this stage, the above static I d (V gs ) simulations used to calibrate the simulator are sufficient.
Results and discussion
All the simulated structures share the same geometrical and physical properties, as the experimental structure used for calibration ( 
Fluorine implantation below the channel
The effect of fluorine ions, at various concentrations, on the threshold voltage is shown in Figure 5 . The distance d between the implanted fluorine ions and the AlGaN/GaN interface is taken equal to 15 nm (Fig. 3) . It is clear that, as the fluorine concentration (F imp ) increases, the threshold voltage increases. When the fluorine concentration reaches 8 × 10 12 cm −2 , the HEMT becomes normally-off with a threshold voltage of 0.5 V. To explain this phenomenon, the band diagram, through cut in Figure 3 , is shown in Figure 6 . The energy gap between the conduction band and the Fermi level increases as the fluorine concentration increases: this is manifested through the uplifting in the conduction band in the region where fluorine is implanted.
This raise causes the elevation of the conduction band at the AlGaN/GaN interface. If the fluorine concentration is strong enough to raise the conduction band at the interface above the Fermi level, normally-off HEMT can be achieved as shown in Figure 5 , with a concentration of 8 × 10 12 cm −2 .
Comparison between implantation in the barrier layer and implantation below the channel
In order to compare the implantation in the barrier layer to that below the channel, the threshold voltage of the conventional normally-on HEMT ("Null") and HEMT with fluorine implanted in AlGaN layer, at various concentrations, is simulated and shown in Figure 5 . For a fair comparison, the fluorine ions are located 15 nm above the AlGaN/GaN interface. It can be seen, from Figure 5 , that the same threshold voltage of 0.5 V can be achieved after implantation in both cases. However, the fluorine concentration required to achieve a desired threshold voltage is lower when implantation is performed in the GaN layer/below the channel (8×10 12 cm −2 ) rather than in the AlGaN layer/above the channel (14 × 10 12 cm −2 ), making our proposed technique more efficient. To explain the better efficiency, the band diagrams for the two structures are compared in Figure 7 . In both cases, the threshold voltage is 0.5 V. Since the gate of the HEMT is a Schottky contact, the conduction band at the top of the AlGaN layer is pinned at a fixed energy equal to the Schottky barrier Φ B . Φ B = W m − χ AlGaN = 1.3 eV, where W m is the work function of the metal and χ AlGaN is the electron affinity of the AlGaN layer. This pinning affects the local increase in the potential in the place where fluorine is implanted. However, its influence decreases with increasing the distance between the fluorine and the gate. Since in our proposed technique the distance between fluorine and the gate is higher, the local potential, in the place where fluorine is implanted, is less affected by the boundary conditions. Therefore, relativity smaller concentrations are required to achieve a desired threshold
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The European Physical Journal Applied Physics voltage. Moreover, it can be noted from the band diagram that the confinement of the 2DEG under the gate is superior in the case of fluorine implanted in GaN (see zoom in Fig. 7 ). d critical can be extracted and explained from the band diagram. However, it is worth pointing out three important aspects of the band diagram.
Variations of the threshold voltage with the distance between the fluorine ions and the AlGaN/GaN interface
The first is the band bending due to the introduction of charge. Taking the Fermi level at equilibrium as a reference, the conduction band is pushed downwards in the place where positive charge is introduced and upwards in the place where negative charge is introduced. The second aspect is the energy gap between the conduction band and the Fermi level E CF . The maximum upward push that can be created by a negative fluorine concentration of 6 × 10 12 cm −2 is E CF,MAX = 3.404 eV. A higher concentration of 8 × 10 12 cm −2 can generate higher upward push with E CF,MAX = 3.412 eV. The difference between E CF,MAX , at different fluorine concentrations, is very low (0.008 eV) and it is not the reason behind the increase in the threshold voltage with the fluorine concentration. Actually, it is the reason why the threshold voltage does not increase when d > d critical (will be discussed in more details below).
The third aspect is that E CF , in the region where fluorine is implanted, is strongly affected by the neighboring positive bound charge at the AlGaN/GaN interface. While the positive bound charge pulls the conduction band downward, the negative fluorine ions push it upward. E CF cannot reach E CF,MAX unless parting a certain distance from the positive bound charge. Figure 9 shows the band diagram, along cut in Figure 3 implanted at various distances from the AlGaN/GaN interface. The fluorine concentration is taken equal to 7 × 10 12 cm −2 . The distance at which E CF , in the region where fluorine is implanted, reaches E CF,MAX , is d critical . E CF remains constant and equal to E CF,MAX for d > d critical . From Figure 9 , d critical is equal to 33 nm.
But it is worth noting that, at a given distance below d critical , as the fluorine concentration increases, the upward push in the conduction band increases (see Fig. 6 ). Therefore, E CF,MAX can be reached at relatively short distances. That is why d critical decreases with increasing the fluorine concentration.
At d > d critical the threshold voltage does not increase with increasing the fluorine concentration. That is because at that distance, E CF reaches its maximum value E CF,MAX , and E CF,MAX is barely affected by the increase in the fluorine concentration (recall second aspect: the increase in the fluorine concentration from 6 × 10 12 cm −2 to 8 × 10 12 cm −2 increases E CF,MAX by 0.008 eV).
Breakdown voltage and off-state current
In the simulated structures, the density of the bound charge resulting from a 30 nm AlGaN layer with an x-mole fraction of 0.25 is 8.86 × 10 12 cm −2 . The fluorine equivalent interface charge density required to achieve normallyoff operation, when placed 15 nm below the channel, is 8 × 10 12 cm −2 . The existence of high interfacial charge densities in a small spatial region causes convergence problems during the simulation of the breakdown voltage.
To overcome the convergence problem when simulating the off-state current and the breakdown voltage, the density of bound charge was decreased by decreasing the x-mole fraction to 0.15. This decreases the bound charge density to 5.21 × 10 12 cm −2 . The decrease in the x-mole fraction increases the threshold voltage of the HEMT from −3.7 V to −2 V. In this case, if fluorine is added 15 nm below the AlGaN/ GaN interface, a concentration of only 4.2 × 10 12 cm −2 is required to achieve normally-off operation with a threshold voltage of 0.5 V. Figure 10 shows the drain current as a function of the applied drain to source voltage I d (V ds ) for the two structures. To study the two HEMTs in the off-state, i.e., below their threshold voltage, the applied gate to source voltage is set to: V gs = V th − 1 V. It is clear that neither the vertical breakdown voltage, nor the off-state current are affected by the implanted fluorine ions. A breakdown voltage of 280 V was obtained in both cases.
Conclusion
In this work, we have proposed a new normally-off HEMT structure. We suggested the implantation of fluorine ions below the channel region under the AlGaN/GaN interface, rather than implanting in the AlGaN layer, above the channel region, as previously proposed in other papers. To analyze the DC performance of this structure, numerical simulation was carried out using ATLAS simulation tool from Silvaco. We have shown that the threshold voltage increases with increasing the fluorine concentration. However, for this increase to happen, the distance between the fluorine ions and the AlGaN/GaN interface d must be below a critical value d critical . d critical decreases with increasing the fluorine concentration. Moreover, when it comes to the fluorine concentration required to achieve a certain threshold voltage, implantation below the channel is more efficient than the implantation in the barrier layer. Furthermore, with this technique, the confinement of channel electrons below the gate is better and scattering with fluorine ions vanishes, since fluorine ions are buried below the channel layer. Finally, the implantation of fluorine ions below the channel neither affects the vertical breakdown voltage nor the off-state current.
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